A full-length cDNA clone for rat asparagine synthetase (AS) was isolated from a cDNA library enriched for amino acid-regulated sequences. The AS cDNA was used to investigate the amino acid-dependent repression of AS mRNA content in rat Fao hepatoma cells. In response to complete amino acid starvation, there was an -10-fold increase in the level of AS mRNA. Three species of mRNA, of approx. sizes 2.0, 2.5 and 4.0 kb, were detected and each was simultaneously regulated to the same degree. The expression of AS mRNA increased by 6 h after removal of amino acids, reached a plateau after 9 h, and was blocked by either actinomycin D or cycloheximide. Partial repression of the AS mRNA content was maintained by the presence of a single amino acid in the culture medium, but the
INTRODUCTION
For mammalian cells, some of the general characteristics for nutrient control by carbohydrates, fatty acids, sterols and minerals have been described [1] [2] [3] [4] [5] [6] [7] . However, there is considerably less information available concerning the control of mammalian gene expression by amino acids. It is well documented that numerous bacterial operons are feedbackregulated by the specific amino acid end-products of the corresponding enzymes [8] . In addition to this type of specific control, in the yeast Saccharomyces cerevisiae a number of genes encoding enzymes in multiple amino acid biosynthetic pathways are under a common control process [9] . This 'general control' of nitrogen metabolism (GCN) is mediated by translational regulation of the protein transcription factor, GCN4, which in turn regulates the expression of over 30 different genes involved in nine independent amino acid biosynthetic pathways [9, 10] . Starvation of yeast cells for a single amino acid causes an increase in translation of the GCN4 mRNA [11] . In the presence of an elevated level of an end-product amino acid, induction by the general control response can be overridden by pathwayspecific repression [9] .
A protein-rich diet or individual amino acids can modulate mammalian protein expression by either transcriptional or posttranscriptional processes. Specific examples include serine dehydratase [12] , asparagine synthetase [13] , ornithine decarboxylase [14] , amino acid transport mediated by System A [15] or System L [16] , the ribosomal proteins L17 and S25 [17] [18] [19] , and the protein and mRNA content for a mitochondrial protein of unknown function [20, 21] . The mRNA content for mammalian asparagine synthetase (AS), which catalyses the ATP-dependent conversion of aspartic acid to asparagine, is regulated by the availability of amino acids [13] . Both the human and hamster AS degree of effectiveness for each one varied widely. Glutamine showed the greatest ability to repress the AS mRNA content, even at an extracellular concentration 10 times below its plasma level. Other effective repressors included the amino acids asparagine, histidine and leucine, as well as ammonia. Depletion of selected single amino acids from an otherwise complete culture medium also caused up-regulation. In particular, removal of histidine, threonine or tryptophan from the medium, or the addition of histidinol to inhibit histidinyl-tRNA synthetase, resulted in a significant increase in AS mRNA content. The data indicate that nutrient regulation of AS mRNA occurs by a general control mechanism that is responsive to a spectrum of amino acids.
cDNAs have been cloned and are highly homologous [22] [23] [24] [25] . Gong et al. [13] first reported that depletion of a complete culture medium for a single amino acid induced the AS mRNA content in both baby hamster kidney (BHK) cells and Hela cells. Their data suggested that the elevated AS mRNA content resulted from an increase in transcription as well as mRNA stabilization. Evidence for an amino acid response element within the human AS genomic promoter sequence has been reported recently [26] . We report here that the level of rat AS mRNA is increased in Fao hepatoma cells in response to amino acid starvation, and that the increase requires de novo RNA and protein synthesis. Supplementation of complete culture medium with histidinol, an inhibitor of histidinyl-tRNA synthetase, also caused an increase in the level of AS mRNA. Supplementing the amino acid-free medium with even a single amino acid was sufficient to maintain partial repression of the AS mRNA content, and the broad substrate specificity of this down-regulation suggests a general control response.
MATERIALS AND METHODS
Cell culture Rat Fao hepatoma cells were maintained in minimal essential medium (MEM), pH 7.4, and 4 % fetal bovine serum (FBS) as previously described [17] . The cells were diluted in MEM/4% FBS and 150 mm diameter dishes inoculated with 10.5 x 106 cells, such that after 48 h the dishes were 700% confluent as determined by cell number. In between all medium changes the cells were rinsed with PBS. Cells were then transferred to acid-fed' state, MEM supplemented with 3 mM each of alanine, asparagine, glycine, proline, serine and threonine was used as the culture medium [17] . Amino acid-specificity experiments were carried out in MEM lacking individual amino acids (Selectamine, Gibco-BRL, Gaithersburg, MD, U.S.A.) or KRB buffer supplemented with a single amino acid.
Cloning of a rat AS cDNA A human AS monoclonal antibody [28] , kindly supplied to us by Dr. Sheldon Schuster (University of Florida), was used to determine that pancreas and testis showed the highest level of AS protein, in agreement with the data of Hongo et al. [29] . A partial cDNA sequence for rat AS, used as a probe for the Northern analysis reported here, was cloned using the reverse transcriptase (RT)-PCR as described by Kawasaki and Wang [30] . RNA was isolated from rat testis for RT-PCR and primers were chosen based upon sequence identity between the human and hamster AS cDNAs: 5'-CTTTTATCAGGGGGCTTGGACTCC-3' and 5'-TAGTGGGTCAGCGTGCGGGCAGAAG-3' respectively. Oligonucleotides were synthesized by the DNA Synthesis Core Facility of the Interdisciplinary Center for Biotechnology Research at the University of Florida.
Northern analysis
Total cellular RNA was prepared from tissue or cells in culture using the method of Chomcyznski and Sacchi [31] . RNA The rat AS PCR product was used as a probe to screen an amino acid-starvation-induced Fao hepatoma cDNA library [17] , from which a full-length rat AS cDNA was identified ( Figure 2 ). The 1974 bp cDNA was sequenced in both directions and contained an open reading frame coding for 561 amino acids, a 123 nt 5'-untranslated region, and a 168 nt 3'-untranslated region that includes a single polyadenylation signal and a short poly-A sequence ( Figure 2 ). In addition to the poly-A-containing clone, an additional clone was identified that began at the same 5' site and extended an additional 266 nt in the 3' direction. Northern analysis with this 3' extended sequence as a probe revealed hybridization to the 2.5 and 4.0 kb sequences, but not to the 2.0 kb mRNA (results not shown).
At 'time zero', Fao hepatoma cells were transferred to amino acid-free (KRB) or amino acid-supplemented (MEM) medium, and total RNA was isolated from these cells after 12 h and then subjected to Northern analysis with a 32P-labelled rat AS cDNA probe ( Figure 1 ). After removal of amino acids from the medium for 12 h, there was a 10.7+ 1.4-fold increase in AS mRNA content, compared with the level of AS mRNA in the presence of amino acids ( Figure 1 ). KRB medium contains all of the components of MEM except amino acids and vitamins; the addition of vitamins to KRB had no effect on the expression of AS mRNA ( Figure 8 ). Each of the three rat AS mRNA species were simultaneously regulated by amino acid starvation to the same degree (ratios of starved/fed mRNA expression for a typical experiment were: 2.0 kb, 9.5; 2.5 kb, 10.0; 4.0 kb, 10.5); therefore in the remaining experiments only the 2.0 kb transcript was quantified.
Time-course of AS mRNA up-regulation following amino acid deprivation To establish the time-course of AS mRNA induction, cells were incubated in amino acid-free KRB for specific time intervals and then total RNA was isolated for Northern analysis. An increase in the level of AS mRNA could be detected as early as 6 h and reached a plateau by 9 h after the removal of amino acids ( Figure  3 ). As an internal control, these blots were probed with a rat liver GDH cDNA. In contrast to AS, the level of GDH mRNA remained relatively constant in Fao cells incubated in the presence or absence of amino acids (Figure 3 ). AAG AAG CTT GGC GAC TOT AAG GCG AGA GGA AGC CTC CAG CGO GTC TTG TCG CTG AGC  TCC ACC TCC TCT GGC CCT GGC CCC TAO TGC GCA GAC TGC CTG CAG CCC TCC TOT AGC   CTC   IOU   CCA changes as a result of complete amino acid starvation, and the presence of individual amino acids had only a minor influence on its content (Figure 6 ). The usual enhancement of AS mRNA attributable to amino acid deprivation was observed (10.7 + 1.5-fold increase) and each of the amino acids tested was able to partially repress the level of AS mRNA relative to amino acidfree medium ( Figure 6 ). Glutamine (2.2 + 0.8-fold increase) suppressed the AS mRNA induction to the greatest degree, i.e. 
DISCUSSION
We have isolated a rat AS cDNA using RT PCR with oligonucleotide primers chosen from the human cDNA sequence [20] .
The rat expresses three AS mRNA species of approx. 2.0, 2.5 and 4.0 kb. The predominant species is 2.0 kb, followed by the 2.5 and 4.0 kb species. Human and hamster each express an AS mRNA of 2.0 kb and the hamster expresses an additional AS mRNA that is somewhat larger than 2.0 kb [20, 21] . We have cloned the 2 kb rat AS cDNA from an amino acid starvationinduced rat Fao hepatoma cDNA library [17] . In addition to this clone, an additional clone was isolated that extended 266 nt beyond the polyadenylation site contained within the shorter clone. Both the nucleotide coding sequence and the protein translation product of the rat 2 kb cDNA are 90 % identical to the corresponding AS sequences of human and hamster [20, 21] .
Mammalian cells respond to complete amino acid starvation by altering the expression of specific mRNAs and proteins. Marten et al. [35] have categorized a number of genes based on the abundance of their mRNAs in cells grown in medium deficient in a single amino acid. The mRNA content for ,-actin, histone H4, Cu-Zn superoxide dismutase and glyceraldehyde 3-phosphate dehydrogenase is decreased by complete amino acid starvation [17] , whereas the mRNA content for ribosomal proteins L17 and S25 is increased 3-5-fold [17] [18] [19] . Our experiments demonstrating a blockade ofthe AS induction in hepatoma cells by actinomycin D are consistent with transfection experiments of others indicating a transcriptional component to the starvation-dependent increase in human AS mRNA [13, 24] . Although inhibition of the induction by cycloheximide may reflect a requirement for translation of the complete AS mRNA [13] , the data also are consistent with the hypothesis that the synthesis of a trans-acting regulatory factor may be needed. Such a regulator may be analogous to the yeast starvation signalling transcription factor GCN4 [9, 10] . The general control response in the yeast S. cerevisiae is mediated through translational control of the positive transcription factor GCN4 which in turn modulates expression of numerous structural genes under general control [9, 10] . The initial signal for derepression of this set of genes is increased translation of the GCN4 mRNA that results from assembly of the translational machinery at specific short upstream open reading frames found in the 5' untranslated region of the GCN4 mRNA [9,1 1] . A similar signalling pathway for amino acid availability may occur in Neurospora crassa which contains cpc-1, a homologue of GCN4 [36] .
Our results show that depletion of MEM for any one of several essential amino acids resulted in a greater AS mRNA induction than removal ofthe non-essential amino acid glutamine, although this induction was not as great as complete amino acid starvation. Interestingly, glutamine, a substrate of the AS reaction, when added to amino acid free media, was able to substantially downregulate the level of AS mRNA, at even concentrations far below its plasma level of 0.6 mM. Conversely, asparagine, the endproduct of the AS reaction, was not any more effective at repression of the AS mRNA content than several other amino acids. Given glutamine's unique role as a carrier of nitrogen, this substrate-dependent repression of AS may maintain asparagine synthesis at a low rate so that cellular glutamine levels are not depleted. Obviously, if a comparable degree of repression occurs in vivo, there may be other regulatory signals that override the glutamine repression when additional asparagine is required.
The signalling pathways that recognize amino acid availability in mammalian cells have not been investigated as extensively as those in bacteria or yeast. For AS, it has been recognized that a correlation exists between asparagine starvation, aminoacylation of tRNAASn, and AS activity [37] . These previous observations suggested that tRNA charging was involved in the sensing of amino acid levels. Presumably, supplementing complete medium with amino alcohol analogues does not reduce the cellular level of the corresponding amino acid, indeed it may increase in concentration. However, the addition of histidinol resulted in an induction of AS mRNA to a degree nearly as great as that observed for complete amino acid starvation. In contrast, alaninol and leucinol did not enhance the level of AS mRNA.
These data suggest that the mechanism for amino-acid-dependent control in mammalian cells responds to the cellular content of specific aminoacyl tRNAs. Interestingly, it appears that histidine, as is the case in yeast [38] , may be unique in the degree of its effect'veness. 
